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Abstract 
Physical fluid parameters like viscosity, mass density and sound velocity can be determined utilizing ultrasonic 
sensors. In this article, we introduce the concept for a recently devised transmission based sensor utilizing pressure 
waves to determine the longitudinal viscosity of the fluid in the sample chamber. We present the basic sensor setup 
an according 1D-model for the whole setup and compare simulation results with measurement results obtained with a 
first prototype device. 
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1. Introduction 
As the knowledge of liquid properties plays an important role in process control there is an increasing 
demand for robust and reasonably priced sensors. In particular, sensors with online measurement 
capabilities are preferred to standard laboratory equipment, which is often bulky, service intensive and 
mostly less or not suited for online measurements. As discussed, e.g., in [1] and [2], recently a lot of 
effort has been spent on sensors for viscosity usually in combination with other parameters like the mass 
density or speed of sound. Acoustic viscosity sensor principles utilizing shear waves suffer from the 
drawback that due to the small penetration depth (in the range of a few microns depending on the 
excitation frequency) of the excited shear waves into the liquid only a thin fluid layer is being sensed. 
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Therefore these approaches are prone to surface contamination and less suited for sensing complex 
liquids such as emulsions or suspensions featuring particle sizes in the range or greater than the 
penetration depth of the utilized acoustic shear wave [3].  
In this paper, we report on a recently devised alternative sensor setup using a piezoelectric PZT (lead 
zirconate titanate) transmitter and receiver for exciting and detecting pressure waves in a small test 
chamber containing the liquid to be investigated. Utilizing pressure waves senses the so called 
longitudinal viscosity coefficient rather than the shear viscosity coefficient, which is often equally suited 
for condition monitoring [4]. 
2. Theory and Modeling 
The basic concept of our sensor setup is the well known theory of the viscous attenuation of pressure 
waves [5]. Fig. 1 depicts the elementary concept of our sensor setup.  
 
 
Fig. 1 Basic sensor concept (left) and model of the whole sensor system with AC signal source, transmitter, acoustic transmission 
line, receiver, and load impedance (right).  
The setup consists of two planar boundaries separated by a distance h. These two boundaries form the 
sample chamber in which the liquid to be investigated is enclosed. In one boundary a PZT transmitting 
transducer (diameter dT, thickness lT) is flush mounted while in the opposite boundary a PZT transducer 
(diameter dR, thickness lR) is flush mounted as receiving device. The transducers are conventional PZT 
disks which are further specified below. When operated in the thickness-extensional mode, the transmitter 
excites pressure waves in the liquid which are detected by the receiver upon impingement, thus a transfer 
function can be obtained. Fig. 1 shows the model of the whole sensor setup. The setup can be operated in 
a transient and a continuous mode; in this contribution we utilize the latter (for an example of a burst-
based approach, see, e.g., [6]). The transmitter is driven by an AC source (internal impedance ZS) 
providing an open circuit voltage Vs exciting pressure waves which are detected by the receiver 
generating an electric output signal VOUT at the electric load impedance ZL. Particularly for low 
attenuation of the fluid in the sample chamber, i.e. low viscosities, reflections at the transducers occur, 
which lead to characteristic interference patterns in the frequency response of the voltage transfer 
function VOUT/VIN. Fig. 1 shows an equivalent circuit of the setup where the transducers are represented by 
three-port systems featuring one electrical port and two acoustic ports representing the two faces of the 
transducer disks [7], [8]. The acoustic transmission between the transducers can be modeled by an 
acoustic transmission line connecting the corresponding acoustic ports of the transducers. This 1D-model 
neglects diffraction effects. The acoustic backing of the PZT elements is represented by the acoustic 
impedances Zac1T for the transmitter and Zac1R for the receiver (air in our case which can be approximated 
as an acoustic shortcut). The electric transfer function between the electric ports can be obtained by using 
the ABCD-matrix (chain matrix) approach known from the theory of electrical networks relating the input 
voltage VIN and current IIN to the output voltage VOUT and current IOUT [7]. For a chain of two-ports, the 
overall ABCD-matrix A is determined according by multiplying the ABCD-matrices Ai of the individual 
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two-ports, i.e. 
 
   
                (1) 
 
 
From A the transfer function G of the whole system can be calculated as [7] 
 
 
                            (2) 
 
 
The ABCD-matrix for the PZT elements can be obtained from KLM-equivalent circuit [7], [8]; it 
basically represents the interaction between the electric port and the acoustic port “connected” to the 
liquid (the other acoustic port is connected to constant impedances Zac1T and Zac1R representing the air 
backing, see above). The ABCD-matrix of the transmission line representing the fluid is derived 
analogous to an electric transmission line with a length h, an characteristic impedance Zfl and a 
propagation constant Ȗfl as [9] 
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As it can be seen in Eq. 3, in this 1D-model the transfer function of the system is affected by the 
following fluid parameters: sound velocity cfl, mass density ȡfl, and the longitudinal viscosity term (2μ+Ȝ), 
where μ denotes the shear viscosity and Ȝ denotes the second coefficient of viscosity. We note that there 
are different conventions as to how to define the second coefficient of viscosity, we adopt that also used 
by White [9], [10], see also below.  
3. Simulation and Experimental Results 
To obtain experimental data, the prototype device shown in Fig. 2 has been built. The sample chamber 
consists of 1.5 mm FR4 PCB material. In each chamber wall, a PI-ceramic PIC255 PZT disk 
(dT=dR=10 mm, lT =lR =0.5 mm, connected to an SMA connector is flush mounted. The distance h 
according to Fig. 1 is 34 mm for the setup investigated in this work. 
In principle the model can be fitted to measurement results yielding the unknown parameter (i.e. 
viscosity). However, in order to so, the other model parameters have to be firmly established. Especially 
the PZT parameters provided by the manufacturer are prone to large tolerances [11]. To obtain a 
correction for the PZT parameters a reference measurement for the electric impedance of the PZT 
elements in air has been performed. By fitting the measured values to the theoretical values obtained from 
a standard three-port PZT model [7] the corrected parameters can be found.  
The measured values for the magnitude of the electric impedance of the PZT transmitter and receiver 
in air (no fluid in the sample chamber) together with the simulation values (KLM model [7], [8]) using 
the PZT data provided by the manufacturer [12] and with the fitted PZT parameters are shown in Fig. 2. 
The influence of the tolerances of the PZT parameters can clearly be seen. Furthermore in the 
measurement results, spurious influences of higher order radial modes which are not covered by the 1D-
model can be seen. For all simulations given below, the fitted PZT parameters have been used. We 
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performed measurements using an S200 viscosity standard oil at three temperatures (20°C, 25°C and 
40°C) where the nominal shear viscosity of the oil was used in the simulation runs. Furthermore, the mass 
density and the sound velocity of the S200 standard were measured using an Anton-Paar DSA5000 
density and sound velocity meter. Table 1 shows the S200 fluid parameters used for the simulation runs 
(as the value of Ȝ is not known it was set to zero, so the longitudinal viscosity for the simulation runs is de 
facto given by 2μ): 
 
Table 1: Material parameters for test fluid (S200) at different temperatures 
Temperature [°C] ȡfl [kgm-3] cfl [ms-1] ȝ [Nsm-2] 
20 886.8 1497.96 602.2•10-3 
25 883.8 1478.97 418.1•10-3 
40 874.6 1425.09 160.5•10-3 
 
 
Fig. 2 Prototype device with the PZT disks embedded in the chamber walls (left) and magnitude of the electric impedance for the 
PZT transducer in air (right). The impedance characteristics for the receiving and transmitting transducer were virtually identical. 
 
Fig. 3 Measurement and simulation results (without fit) for G (left) and with fit of 2μ+Ȝ (center) for different temperatures (20°C, 
25°C and 40°C).  The right plot shows the nominal datasheet values for the shear viscosity μ and the 2μ+Ȝ and ȘB values obtained 
from the fit. 
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Fig.3 (left) shows the transfer function G obtained from measurement and simulation. A mismatch is 
expected due to the assumption Ȝ=0 in the simulation. This parameter can now be varied to obtain a fit 
between these characteristics (Fig. 3, center). The resulting values for (2μ+Ȝ) and the often used 
parameter ȘB (bulk viscosity) are depicted in Fig. 3. As discussed in [9], ȘB is another common parameter 
used to characterize the second coefficient of viscosity and is related to the parameters μ and Ȝ by ȘB 
=(2/3μ+Ȝ). ȘB virtually does not change with temperature while (2μ+Ȝ) decreases with decreasing 
temperature. As values for the second coefficient of viscosity are scarcely available, these parameters can 
not be checked against literature values and need to be verified by reference measurements with other 
setups. 
4. Conclusion and Outlook 
We presented a concept for a transmission sensor setup utilizing pressure waves. A 1D-model was 
introduced enabling simulation of the sensor behavior. Experimental data validates the behavior predicted 
by the simulation. The model needs further verification and refinements (e.g. accounting for the spurious 
radial modes and including diffraction effects), which will be pursued in future work. 
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